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ABSTRACT
The present study involves the determination of traces
of thallium and mercury in aqueous solution by forming
ion-association complexes of these metals with rhodamine
6G (R6G) in the presence of iodide.
Thallium(lll) and mercury(Il) are able to quench the
fluorescence of R6G in the presence of iodide by forming
ion—association complexes, and the degree of quenching
correlates with the thallium(III) or mercury(II) concen
trations.
By using this method, the minimum amount of thallium(III) that can be determined
approximately 4.00 X 10-6m,

in aqueous solutions is

while the minimum amount of

mercury(II) is approximately 3.00 X 10-6m.
Thallium(I) cannot

be determined

by

because it is not possible to form
complexes

under

therefore,

similar

this

method

ion-association

experimental

conditions

this method can be used to differentiate

between Tl(I) and Tl(III) in aqueous solution.
To elucidate the composition of the
complexes

in

ion-association

aqueous solutions two spectrophotometric

methods are used: the mole-ratio method and the continu
ous-variation method.
The experimental
complexes
system.
are

are

results

formed

seem

for the

to

indicate

that

two

mercury(II)-R6G-iodide

The empirical compositions of these complexes

tentatively

determined

[(R6G)2HgI4).

xv

to

be

[(R6G)HgI3]

and

For the thallium(III)-R6G-iodide system it is not
possible to

determine the

composition

of

the

ion-

association complex because thallium(III) forms an ionassociation complex with R6G in the absence of iodide
ion at concentrations of thallium(III) higher than 2.00
X I0~ 5 m.
Another aspect of my research involves the study of
the equilibrium

between the octahedral and tetrahedral

complexes of Co +2 and Ni +2 in aqueous solution and the
study of the effect of temperature on these equilibria.
Calculation

of

AH°,

octahedral-tetrahedral

AG*,

and

equilibrium,

aqueous solution, gives values of
Kcal/mole

AS*

for
in

the

5.27

LiCl

13.1 Kcal/mole, 1.10

and .0402 Kcal/(K mole) respectively.

xv i

m

Co +2

I. INTRODUCTION

Thallium and mercury are widely used in industry.
large

consumption

of

these

metals

results

discharge of dangerous amounts of waste
causes contamination of our environment.
has been serious

in

The
the

material and
Recently there

concern about the toxicity of heavy

metals (thallium and mercury are among these metals),
and these metals have been labeled as hazardous to human
and animal health.
both

the

determine

cal

and

properties
traces

methods.

Therefore, it's important to know

of

of
these

these

metals

metals

using

and

how

to

spectroscopic

The following discussion gives both theoreti
practical

information

regarding

our

study

of

methods of determining thallium and mercury by spectro
scopic methods.
A) Thallium
1) General remarks
Thallium, with atomic number

81 and atomic weight

204.390, occurs next to lead in group IIIB of the peri
odic table.

The density of the bluish-white to silver

metal is 11.85 g/cm3 at 20°C, its melting point is 303*C
and its boiling point 1457'C^1^.
The

electronic

(Xe)4f145d106s26p1.
propensity

configuration
Its

of

thallium

"s" electrons display

to be released or bound

a

is
low

covalently, unlike

the others in group IIIB (boron, aluminum, gallium, and
indium).

2

Thallium

can be

Tl+2, and Tl+3,

found in three oxidation states Tl+,

but no stable compound of Tl+2 exists

because it disproportionates as follows^2);
2ti+2

>

T1+ +

tI+3

^

Thallium is readily dissolved in acidic aqueous solution
until its concentration reaches the solubility limit of
the salt formed.

Thallium

does not dissolve in basic

aqueous solutions,
a) Inorganic thallium compounds
Various inorganic thallium compounds exist.

Thalli-

uni(I) halides are chiefly ionic, incompletely dissoci
ated in water and with the exception of fluorides, they
are poorly soluble.
air

while

Thallium(I) halides are stable in

thallium(III) halides are unstable and lose

halogen on heating^1).
Thallium-oxygen compounds exist as mono- and trioxides as well as poorly defined mixed oxides and perox
ide, T1204.

Black thallium monoxide, T120, is obtained

by oxidation of elementary thallium in air, or by heat
ing the hydroxide at 10CTC.
hygroscopic and

The monoxide is strongly

immediately reacts with water to form

the monohydroxide.
Thallium trioxide can be prepared by oxidation of an
alkaline T1(I) solution
treatment

of

chlorine or

an

aqueous

bromine

and

with

hydrogen

T1(I)

nitrate

subsequent

peroxide
solution

alkaline

or

by

with

oxidation

with oxygen.
3

Thallium(III) carbonate is not known, only the mono
valent thallium compound is known.

Thallium(I) carbon

ate hydrolyzes immediately and acts as a base.

The

water-soluble thallium(I) nitrate is formed when elemen
tary thallium

is dissolved in diluted

nitric acid.

Thallium(I) sulfate can be prepared by treatment of the
nitrate with dilute sulfuric acid.
Generally, inorganic T1(I) compounds are more stable
than the Tl(III) analogues).
b) Organic thallium compounds and thallium complexes
In contrast to inorganic thallium compounds, covalent
organothallium compounds are stable only in the
ent form.
complex

trival-

Thallium shows only a low propensity to form

compounds,

the

logarithms

of

most

formations

constants with organic ligands and thallium (III) are in
the range 0.5-2.0 ^^.
2) Uses and applications of thallium
The most common uses of thallium are in the production
of rodenticides,

as a catalyst in the

synthesis of hy

drocarbons and olefins, as well as in polymerization and
epoxidation reactions.

Thallium is also used in alloys.

Lead, silver, or gold-based bearing alloys, containing
between 1% and 50% thallium, have high endurance limit,
very low friction coefficients, and good resistance to
acids.

In addition, thallium finds application in the

electric and electronic industry.
Thallium(I) compounds have interesting optical charac-

4

f®cistxcs that can be used for a number of purposes.
Added to glass, thallium halides increase the refractive
index? this seems to offer prospects for the future
since thallium is not only used in decorative glasses
and spectrometry but also imparts technically desired
characteristics to fiberglass.
being used widely

Since fiberglass is now

in communication systems, an increase

ib thallium consumption is expected^3).
3)

Thallium toxicity and contamination

Initially the toxic characteristics of thallium were
recognized but badly underestimated.

This was especial

ly true during mining, ore processing and product appli
cation where numerous cases of industrial thallium poi
soning occurred.

In the 1950*s, Swedish workers in four

different production facilities were affected by rodenticides containing thallium.

In West Germany, an employ

ee of a pigment factory was reported to show indications
of thallium poisoning^3).
The uncontrolled outflow of thallium from settling
basins of base-metal mining has led to the pollution of
a number of water bodies.

In two rivers draining such

mining areas in New Brunswick, Canada, water concentra
tions of 1 - SO micrograms of T1 per liter were report
ed.

Algae and moss samples from these rivers contained

thallium in concentrations ranging from 9.5 to 162 mi
crograms per gram dry weight.
kinds of algae is inhibited

The growth of different
in water containing 500

5

microgram/I, thallium.

With respect to fish, it has been

reported that 10 - 15 mg thallium nitrate/L is lethal,
within three days, to rainbow trout, while the lethal
level is 40 - 60 mg/L for roaches and 60 mg/L for perch
es in the same period of time.
In 1979,

nine serious situations developed

in

Len-

f

gerich, Federal Republic of Germany, where a heavy thal
lium contamination of the environment was caused by a
cement plant.

Some of the effects were that leaves fell

from trees in June, sheep died without any outward signs
of

disorder

or disease,

reported to lose fur.

and

rabbits

and

horses

were

In samples of green cabbage and

grains, thallium values of 45 micrograms per gram and
9.5 micrograms per gram respectively were found.

Thal

lium concentration in beef tissue was in the range from
0.4 to 1.7 micrograms per gram, with the result that no
permission was given for the marketing of certain feed
supplies for animals and certain foods for humans.
Thallium

pollution

is less widespread

than that

by

other heavy metals, but it has nevertheless caused local
problems.

The contamination to the environment

when

thallium is released via aqueous solution is probably in
the form of Tl(III).

The redox reaction between Tl(I)

and Tl(III) in sea water is
T1C1

+

Thallium

2H20
in

>
sea

T1(0H)2C1 + 2H+ + 2e

water (pH

=

(2)

8.1) predominates

in

equilibrium with the atmospheric oxygen in the trivalent
6

state.

similar

water.
of

dust

predictions have been

made

for fresh

Thallium can also be released as a component
particulates

as

a

result

of

cement

and

manganese production, iron and steel, non-ferrous metal
smelting,

and

coal

combustion

in

the

form

of

T1(I).

Thallium compounds found, or assumed to be contained, in
emitted dust particles include T1(I) chloride, bromide,
sulfate, and oxide.

All of them are stable under normal

atmospheric conditions with the exception of T1(I) oxide
which may react with moist air to form thallium(I)
hydroxide.
In addition to liquid waste discharge and stack emiss
ions, thallium is also brought onto agricultural soils
as trace component of sewage sludge from water purific
ation plants and the use of potash fertilizer in agricul
ture.
In the U.S.A. alone, nearly 1000 tons of thallium are
released into the environment each year.

Of these, 350

tons are traces in vapors and dusts, 60 tons are bound
in non-ferrous metals and more than 500 tons are con
tained in fluid and solid wastes.

The later are, to
( 3)
certain extent, deposited in special storage sites

a

Since the recognition of the danger of thallium contam
ination,

there have been many studies of the effect of

thallium in the environment.

The following

describe the toxic effects of thallium

on

sections

plants and

animals.

7

a) Thallium effects on plants
If the concentration of T1 increases in agricultural
soils as a result of contamination, the damage caused to
the plants can be

serious depending on the type of

plant and the amount of thallium taken in by it.
Plants take up thallium directly through the root or
indirectly by foliage.

Direct uptake of thallium by the

root shows discoloration in the plant.

If intensive T1

uptake has occurred, necrotisms and litter fall at every
season

will

growth,

be observed.

Furthermore,

reduction

of

impairment of chlorophyll formation and seed

sprouting,

will be caused to the plants.

Indirect uptake of thallium compound after dissolu
tion on the leaf surface causes pale, round chlorotic
spots.
b) Thallium effects on animals
Thallium uptake by animals is by the direct ingestion
of food which is contaminated with thallium, either from
environmental pollution or poisoned by rodenticide resi
dues.

The sensitivity varies widely for different

organisms.

Generally,

inorganic

T1(I) compounds

are

more stable and less toxic than Tl(III) analogues.
Thallium poisoning is usually fatal to animals.
erage deadly doses are

Av

reported in several publications

as 10-15 mg Tl/kg body weight.

The toxic effects are

reported in the literature.
Thallium

causes two types

of

toxicity

to

humans.

8

Acute poisoning occurs when a large amount of thallium
has been taken internally,
weight.

about 10-15 mg Tl/kg body

In this kind of toxicity there is a slow devel

opment of the symptoms during the first two weeks.

Dur

ing the second or third weeks there are stomach pains,
and the lower body extremities are primarily and most
strongly affected.

High blood pressure and tachycardial

effects indicate toxic damage to cardial muscles, and
the loss of hair

is observed 13 days after the

initial

poisoning.
Chronic poisoning, results from multiple doses admin
istered over long intervals of time.

In this kind of

toxicity the following symptoms are observed: eye disor
der including loss of vision, varying degrees of pain,
loss of hair, lack of appetite, and loss of weight.
The diagnosis of thallium poisoning from hair samples
is possible even before the loss of hair because of a
dark pigmentation of the hair root that appears 3-5 days
after intoxification.
4) Determination of thallium
Because of thallium uses in industry and

its impor

tance as a contaminant, classical analytical techniques
have been improved with the introduction of new methods
for

accurate

determination of this metal.

Some of the

techniques that are being used to determine thallium are
photometry,

emission

spectrography,

atomic

absorption

spectroscopy, polarography^^, voltammetry, neutron

9

activation

analysis,

X-ray

fluorescence,

and

gas

chromatography(3).
Photometric determination of traces of Tl(III) in
aqueous solutions is carried out mostly with the colorimetric

reagents

violet,

rhodamine

brilliant

green^6^,

,

methyl

or

2-phenyl-benzo-[8,9]-

quinolizino-[4,5,6,7-fed]-phenanthridinylium
ate,
6G

acridine
.

crystal

perchlor-

orange, acriflavine, and

rhodamine

All of them have been used for the formation of

ion-pair complexes with tetrachlorothalliate(III) which
are extractable into an organic solvent for the subse
quent measurement of their fluorescence.
Photometric determination of T1(I) is done by changing
the oxidation state of T1(I) to Tl(III).
ly

accomplished

by

using

bromine

as

This is usual
the

oxidant^3).

Another way to determine T1(I) is by the quantitative
measurement of the thallium fluorescence as function of
the thallium, chloride, and hydrogen ion concentration.
This is based on the fact that T1(I) shows a bright blue
fluorescence

in the presence of excess chloride ion at

a wavelength of excitation of about 250

.

B) Mercury
X) Uses and applications of mercury
Mercury

was known to man in prehistoric times.

Since

that time mercury and its compounds have been used in
medicine.

Now mercury is mostly being used in industry.
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a) Therapeutic uses
In the past, organic mercury compounds, which have a
diuretic effect, were among the most valuable drugs for
the treatment of congestive heart failure.
Phenyl mercuric salts were used as fungicidal agents
on the skin for treatment of "athlete's foot" but these
have been replaced by preparations containing zinc undecanoate.

Phenyl mercury acetate, however, is still used

because of its antiseptic and bacteriostatic
as a preservative in multi-dose

properties

containers of

prepara

tions for injection and in those injections in which the
active ingredient is thermolabile.

It is also a constit

uent of some contraceptive preparations.
b) Industrial uses
Metallic mercury, appearing at room temperature con
ditions as a liquid metal, has the highest (for liquids)
specific gravity and the lowest (for metals) melting,
boiling and vaporization temperatures, relatively high
electrical and thermal conductivity, significant chemi
cal stability and high density.

As a result of these

properties it is used in the production of thermometers,
barometers, electric contacts and a multiple of other
physical and chemical devices.
Mercury has the property of entering into combination
with most metals forming amalgams.

Mercury is widely

used for the extraction of metals from ores and alloys,
with silver and gold in various uses, and for coating

11

mirrors.

This property of mercury led to its use in the

amalgamation of silver and gold for the preparation of
dental fillings.
The catalytic properties of mercury are significant
in their

use

in the

production

of

acetaldehyde

from

acetylene and also in the analysis of organic substances
for the determination of nitrogen.
is

Furthermore, mercury

being used in the production of quartz and

fluores

cent bulbs, and also for luminescent lighting

because

the arc spectrum of mercury is especially rich in ultra
violet raysf10
Organic mercury compounds like ethyl mercuric chlor
ide, methoxy ethyl mercuric acetate, and phenyl mercuric
bromide are used as pesticides and fungicides.
2) Mercury contamination
One of the most important problems in the toxicological evaluation of mercury content under natural environ
mental conditions, is that the quantity of mercury pres
ent

in the atmosphere of inhabited places is high.

The

high air temperatures during mercury production increases
the amounts

of mercury in the respiratory zone of work

ers, and makes possible an increase in the intake of
mercury into the body.

It also increases the chances of

a possible toxic effect on workers.
The continued presence of mercury in the atmosphere is
caused by the high volatility of its vapors.

Mercury is

present as a result of direct contact of native liquid
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mercury with the atmosphere, and from cinnabar deposits.
Also mercury occurs in the atmosphere through the erup
tion of volcanoes, because magma always contains some
mercury.

Furthermore, significant quantities of mercury

vapor enter the air when metallic mercury is extracted
from its ores in metallurgical plants, and also through
the treatment of iron ores and the ores of nonferrous
metals.

Each ton of these ores contains about one gram

of mercury.

Metallurgical enterprises can release hund

reds of grams of mercury into the atmosphere daily.
High concentrations of mercury vapor occur more com
monly
places.

in the atmosphere of big cities than in
This

is caused not only by

the

rural

cities using

mercury in various aspects of production, but also by
the burning of large amount of coal, fuel oil, and other
types of fuel containing mercury.

Coal contains about

0.000001% of mercury, while oil shale contain 0.0001%
The content of mercury in soot is significantly higher
than in fuel oil.
The mercury vapor content in the air of large cities
in conditions where multiple sources of atmospheric
contamination by mercury exist and there is no purifi
cation of the effluents
mg/cubic meter.

varies from 0.0003 to 0.002

The highest acceptable value for mercu

ry in the atmosphere has been set at 0.1 mg/cubic
meter(10).
Industrial discharge of mercury causes not only signif
icantly higher concentrations of it in the air, but con13

taminates objects in the environment.
sorbed by soil,

leaves of trees,

Mercury is ab

and building

materi

als d°).
3) Toxicity of mercury
a) Poisoning bv inorganic compounds
Poisoning by mercury and its inorganic compounds may
be acute, subacute or chronic.

The symptoms of subacute

poisoning resemble those of chronic.
i) Acute

mercury poisoning (mercury chloride)

HgCl2 is the most soluble and easiest to dissociate
of the inorganic mercury compounds.

The high solubility

is extremely important to understanding the effect of
mercury salts on an organism because this property deter
mines penetration
effect.

and

the degree

of subsequent

As a result HgCl2 is the most toxic

toxic

inorganic

mercury compound.
Inorganic mercury compounds have been replaced

by

less toxic therapeutic agents since inorganic mercury
compounds have narrow margins between the effective
therapeutic and the toxic doses.
The immediate effects of acute poisoning with mercu
ric salts are due to coagulation, irritation and superfi
cial corrosion of tissues with which they come into con
tact.

An

astringent

metallic

taste,

salivation,

burning, swelling and ashy discoloration of the mouth
and

pharynx

are

followed

or

accompanied

by

intense

thirst, vomiting and abdominal pain.
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ii) Chronic

mercury poisoning

Occupational poisoning by inorganic mercury is usual
ly of the chronic type and the vapor of metallic mercury
is the common source of exposure.
to the

Mercury gains access

body mainly through the respiratory tract but

also it be absorbed through the skin or by ingestion.
The classical signs of poisoning by mercury in the
inorganic form are gingivitis and stomatitis accompanied
by excessive salivation or a metallic taste,

erethism

and tremor.
b) Poisoning bv organic compounds
i) Acute effects
The organic mercury compounds are absorbed through
the skin, by inhalation and by ingestion.

They are ir

ritating to the skin causing warmth and redness which
may progress to blistering and in some cases sensiti
zation occurs.

Irritation of the mucous membranes of

the eyes and upper air passages is also common and nasal
septal ulceration leading to perforation of the septum
may result.

This is a result of exposure to the dust of

mercury fulminate.
ii) Chronic effects
Chronic

poisoning presents more serious problems.

In most cases recorded,

poisoning has resulted

excessive exposure due to ignorance,

from

neglect of recom

mended precautions, from accidental ingestion of treated
seeds, or ignorance of the potentially harmful effects.
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The symptoms and signs of chronic poisoning by or
ganic

mercury compounds are due to damage to the cen

tral nervous system.

The classical signs of poisoning

by inorganic mercury do not occur except for tremors.
In advanced cases severe generalized ataxia, dysarthria
and concentric constriction of the visual fields devel
op, and patients may become seriously disabled^9).
4) Determination of mercury
From the
mercury

is

information
a

given

poisonous

above

heavy

metal

becomes a public health problem.

it

is

clear that

which

frequently

Numerous methods for

the determination of mercury(II) have been reported.
Photometric determination for traces of Hg(II) in
aqueous solutions are carried out mostly with colorimetric reagents, such as dithizone, diphenylcarbazone,
crystal violet,

rhodamine B

and methylene green1

, rhodamine 6G<12'13),

'.

Aqueous mercury(II) reacts with excess dithizone in
fairly concentrated

acid

medium

to yield

the

primary

complex which is soluble in carbon tetrachloride.
mixed color method

is the

most

suitable

one

determination of mercury(II) with dithizone.

The

for the
In this

method, excess dithizone is allowed to remain in the
organic

solvent with the dithizonate complex.

When

a

spectrophotometer is used in determining a metal, there
are usually two possibilities in the choice of a wave
length.

One may measure the absorption of light by

the
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metal complex or by the excess dlthizone remaining after
the reaction is completed.

Since both dithizone and the

dithizonates of mercury obey Beer's law in carbon tetra
chloride a plot of the
zonate solution

absorbance of a dithizone-dithi-

against the metal concentration in the

organic solvent gives a straight line^*).
Diphenyl carbazone reacts with a mercury salt to give
a slightly soluble blue-violet product.

The pH of the

sample solution should be adjusted to within the range
3.7 to 4.3 Beer's law is not strictly obeyed^11).
Iodide forms complexes with mercury, and crystal vio
let produces a toluene-extractable compound
medium.

in acidic

A single extraction step suffices to determine

0.1 microgram of mercury in a 1-cm cell with a standard
spectrophotometer at 605 nm? Beer's law is followed up
to an absorbance of unity^14^.
Mercury(II) has been able to quench the
of rhodamine

and rhodamine 6G^12^in

of potassium iodide.
ly

correlated

with

fluorescence
the presence

The degree of quenching was close
mercury(II)

concentrations

at

the

fixed concentrations of the dye and potassium iodide, so
that mercury(II) can be fluorometrically determined.
Rhodamine B forms an ion-association complex with tetrachloromercurate(II), butylrhodamine B forms an ion-asso
ciation complex with tetrabromomercurate(II).

Methylene

green also forms an ion-association complex with tetrabromomercurate(II)(12).

After extraction with the

ap

propriate organic solvents, a calibration curve is pre17

pared

by measuring the absorbance at the wavelength

maximum

of

absorption for these complexes.

C) Spectroscopic methods of analysis
Spectroscopic methods of analysis are based upon the
production or interaction of electromagnetic radiation
with matter.

Emission methods

magnetic radiation
by

depend upon the electro

produced when the analyte is excited

thermal, electrical, or radiant

energy.

Absorption

methods, on the other hand, are based upon the

attenua

tion (the weakening) of a beam of electromagnetic radia
tion

as a

consequence of its interaction with and par

tial absorption by the analyte.

Spectroscopic methods

are among the most widespread and

powerful

analytical

tools for both qualitative and quantitative analysis*5^.
Measurement of fluorescent intensity permits the quan
titative

determination

of

many

species in trace amounts.
features

of

fluorometry

is

inorganic

and

organic

One of the most attractive
its

inherent

sensitivity,

which is generally greater than absorptiometric methods
and often lies in part per billion range.
selectivity is usually as good and
other spectroscopic methods.

often

In addition,
better than

Fluorometry, however, is

less widely applicable than absorption methods

because

of the relatively limited number of systems that can be
made to fluoresce and the potential problem of fluores
cence quenching.
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1) Emission methods
Emission refers to a process by which a chemical spe
cies (M*) after being excited emits radiation by differ
ent processes.

The excitation energy is lost either

heat, photophysical radiationless processes,

as

photochem

ical deexcitation, or as photophysical radiative proces
ses

(fluorescence or phosphorescence).

Figure 1

is

a

partial energy-level diagram for a typical photoluminescent molecule.
Most molecules are found in the singlet state, and no
splitting

of the energy levels occur.

When one of

the

electrons is excited to a higher energy level, a singlet
or a triplet state can result.

The properties of a mol

ecule

in the excited triplet differ significantly

from

those

of the corresponding singlet state, and

singlet-

triplet transition, or the reverse, is a less

probable

event than the corresponding singlet-singlet transition.
As a result of this, the average lifetime of an
triplet

state

excited

may be as long as a second or

more,

as

compared with an average lifetime of about 10

s for

an

excited singlet state.
The favored route to the ground state is the one
minimizes

the lifetime of the excited state.

deactivation

by fluorescence is rapid with

that

Thus,

if

respect

to

the radiationless processes, such emission is observed.
On

the other hand, if a radiationless path has

favorable

rate constant, fluorescence is either

a

more
absent

or less intense.
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Figure 1
A

partial

system

energy

diagram

of

a

photoluminescent

.
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«t**H

Tfifr' t«t*tr-

The radiation process involves the release of a photon
of radiation

M*

>

M + lu/

(3)

It occurs by two mechanisms:

fluorescence and

phospho

rescence,
a) Fluorescence
Fluorescence seldom results from absorption of ultra
violet radiation of wavelengths lower than 250 nm, be
cause such radiation is sufficiently energetic to cause
deactivation of the excited states by predissociation or
dissociation.
n

>

As

a

o* transitions

result

fluorescence

is seldom

observed;

emission is confined to the less energetic *•
and n
In

>

**

due

to

instead
>

**

processes.

fluorescence the emitted radiation ceases immedi

ately when the exciting radiation is extinguished (short
-lived).

The process from Si

>

terized by the rate constant Kf

S0 + hi/

is charac

Molecular fluorescence

occurs at a lower frequency than the incident light: the
fluorescence

occurs after some

vibrational

energy has

been lost to the surroundings.
The
moles

quantum

efficiency (defined as

the

of given species formed or destroyed

number

of

divided

by

the number of einsteins of photons absorbed by the sys
tem) is greater for *

>

** transition due to the

22

fact

that w

(10~7s

>

*•* transition

lifetime

is

shorter

to 10~9s compared with 10~5s to 10~7s for an n,

** state), also Ksc (the rate

constant for intersystem

crossing transition) is smaller for *, ** excited states
because the energy difference between the singlet-trip
let states is larger.
Some factors that affect the fluorescence efficiency,
include the following.
i) Radiationless processes
The excitation energy is lost as heat

M

>

M* + heat

There are two kinds of radiationless mechanisms:
photochemical radiationless transition and photophysical
radiationless transitions; the latter includes internal
conversion and intersystem crossing.
Internal conversion involves transitions between
states of the same spin (e.g. » Si
it is an allowed transition.
constant

conversion is

and

+

heat)

Characterized by the rate

on the solvent.

the

Internal

close for the existence of an

in vibrational levels.

responsible for

on

efficient when two electronic energy

levels are sufficiently

in

So

Kic, the rate of this process depends

molecular structure

overlap

>

This process is mostly

+-*0 decrease in fluorescence efficiency
the decrease

organic dyes.
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Intersystem crossing
excited
+

states

involves transitions between

of different spin (e.g., Si

heat) this transition

characterized

by the rate

is a

forbidden

constant Ksc.

>

Ti

transition

The

rate

this process depends on the molecular structure.

of

It has

been found that when the * electrons of the chromophore
can make a loop when oscillating between the end groups,
the

triplet

yield

will

be

higher

than

in

a

related

compound

where this is blocked.

molecule

is

elements

which increase the spin orbital coupling, then

modified

by

the

When the organic

addition

of

heavier

the rate of intercrossing is enhanced.
ii)

Molecular structure and structure rigidity

The most efficient

fluorescent behavior is found in

compounds containing aromatic functional groups because
the n electrons are considered to be further delocalized
by the conjugation process which lower the
n

>

•

ir

energy

•

transition levels.

Compounds containing aliphatic and alicyclic carbonyl structures or highly conjugated double-bond structur
es may also exhibit fluorescence but the number of these
is small compared with the number in the aromatic sys
tems.
Most unsubstituted aromatic hydrocarbons fluoresce in
solution.

The quantum

increasing the
sation.

efficiency

usually increases

by

number of rings and the degree of conden

The substitution of a carboxylic acid, a carbon-
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yl group or a halogen on an

aromatic ring generally in

hibits fluorescence.
It is found experimentally that fluorescence is parti
cularly

favored

in

molecules

that

posses

rigid

transition in a

mole

structures
iii)

Environmental effects

The energy for an n

>

cule is often increased in a
the energy for *•

>

n*

more polar solvent while

w* is decreased.

Such shifts may

be great enough to lower the energy of the *
process below that of the

n

>

>

**

** transition so that

enhanced fluorescence results (13).
In general,
temperature;
small.
yield

fluorescence normally diminishes

although,

in

many

cases,

the

with

change

is

As shown in Figure 1, the fluorescence quantum
depends on the relative rate of the radiative

process Kf and the radiationless processes of intersystem

crossing Ksc, and

internal

conversion Kic.

The

rate of the radiative process is not expected to vary
with temperature, therefore, the
of

temperature dependence

reflects the changes of Ksc and K^c.

At

higher

temperatures a larger proportion of the molecules

are

raised to upper vibrational levels of the first excited
singlet and the probability of passing through potential
surface intersections increases.

As a result, the rates

of intersystem crossing and internal conversion increase.
Pressure-induced
only

environmental

changes (0 -

40

Khar)

slightly affect the energy levels of organic mole25

cules because
parameters.
kbar

these levels are

determined by molecular

Rather, compression in the range below 40

decreases the

intermolecular

separation

and

creases various interactions between molecules.

in

Never

theless, the decrease in molecular separation produces
measurable changes in the electronic spectra and also
noticeably affects the rate of energy relaxation from
excited species in solution.
iv) Quenching of the fluorescence
Fluorescence
decreases
The

the

quenching

refers to

fluorescence

following types of

distinguished:

any

intensity

quenching

process

of

a

which

substance.

processes can

be

energy transfer quenching, excited state

reaction quenching, collisional or dynamic quenching and
static quenching,
Solvents

which

containing

is due to complex

heavy

atoms

such

as

formation.

halides

and

pseudo—halide ions quench the fluorescence of organic
molecules by charge transfer interactions, e.g. the
quenching of the fluorescence of anthracene by carbon
tetrachloride.

The quenching

ability increases in the

following order:

perchlorate (ClO^ ), chloride (Cl ),
.
(18-21)
bromide (Br~), thiocyanate (SCN ), iodide (I )

In

addition

optical

apparent

properties

quenching
of

the

can

occur

sample.

due

For

to

the

example,

concentration quenching is due to high optical density
while turbidity can result in a decrease of fluorescent
intensities. These are trivial types of quenching which
contain little molecular information.
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In the broadest sense, quenching of excited states
is any deactivation which results from the interaction
of

the excited molecules with the components of a

tem

.

sys

As a specific example, consider the quenching

of molecule M by addition of a second molecule A,

with

the following mechanism for the formation and disappear
ance of M*

Mo + h»/
M*

>

M* + A0
M*

>

>

M*

M0 + hi/
>

A* + M0

M0 + heat

La (einsteins/liter sec) (5)
Ke(M*]

(6)

Kq[M*] [A]

(7)

Kd[M*]

(8)

where the processes (5)-(8) correspond to absorption,
fluorescent

emission,

quenching

and

thermal

deactivation, respectively.
Under conditions of steady-state excitation

La = (Ke + Kq[A] + Kd) [M*]

(9)

The quantum yield for emission from M* in the absence of
A is given by the ratio of the Ke[M*]/La or Ke/(Ke + Kd)

*f = Ke[M*]/La = Ke/(Ke + Kd)

(10)

When a concentration of quencher A equal to [A] is pres
ent, the quantum yield of emission from M*, in the pres-
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ence of A, is given by the ratio of the Ke(M*]/La or
Ke/(Ke + Kd + Kq[A])

*a

=

KetM*]/Ia ~

e/<

Ke + Kd

K

+

(11)

Kq(Al>

Dividing Equation 10 by Equation 11, the Stern-Volmer
equation is obtained

*f/*a " <Ke
Sf/*a =1

+

Kd

+ Kq

+

(12)

Kq[A])/Ke

(13)

[A]

(14)

r = l/(Ke + Kd)

where r is the measured lifetime of M* in the absence of
A.

If the fluorescence of a series of solutions is

measured with an instrument giving a response propor
tional to the intensity of the light received, a plot of
If/Ia ( relative efficiency of emission in the absence
of

a quencher relative to that

quencher) versus [A]

in the presence of a

should give a straight

line of

slope equal KqT and intercept equal to 1.
If the

quencher rate constant Kg

is known and r can

be calculated from the experimental values of Kqr

and

Kq, then Ke can be determined(22> .
In the case of static quenching a binary or ternary
complex is formed between the fluorescent molecules and
the other chemical species in the system.
phore and

the

quencher

involved

are

If the fluoro-

ionic,

then the

complexes are usually referred as ion-association com28

plexes.

For static quenching, the dependence of If/Ia

on the concentration of the quencher is identical to
that observed for dynamic quenching Equation 13 except
that

the

quenching

constant

is

now

the

formation

constant of the complex,
b) Phosphorescence
After intersystem crossing to an excited triplet
state, further deactivation can occur by phosphorescence
Ti

>

So + hi/.

This transition is much less probable

than a singlet-singlet conversion, and the average life
time of the excited triplet state with respect to emis
sion ranges from 10"~4 seconds to several seconds.
Solid samples and heavy atoms have high phosphores
cence efficiencies.

In solid samples, energy transfer

is less efficient

and

there

is

time

for

intersystem

crossing to occur.

Keavy atoms increase the spin-orbit

al coupling enhancing the intersystem crossing rate^16^.
2) Absorption method
Absorption refers to a process by which
species (M) in a transparent medium

a

chemical

selectively removes

certain frequencies of electromagnetic radiation and
causes the excitation of an electron from an initially
occupied low energy orbital to a higher energy unoccu
pied orbital.
M + hi/

>

M*

It was found that the amount of light absorbed is propor
tional to

the

number of

absorbing

molecules

through
29

which the light passes (Beer's law).

Also, the

propor

tion of light absorbed by a medium is independent of the
initial intensity (Lambert's law).

The practical meas

urement of an absorption spectrum is based on the combi
nation of the above two laws, the Beer-Lambert laws

A = ebC

(16)

where A is the Absorbance, e
with

units {L/(cm3 mol)],

is the molar absorptivity

b is the path

length of the

radiation through the absorbing medium in centimeters,
and C is the concentration in mol/L.
a) Tvoes of ultraviolet and visible spectra of complexes
The electrons that

contribute to absorption

by an

organic molecule are those that participate directly
bond formation

between

atoms and

in

are thus associated

with more than one atom, and non bonding or unshared
outer electrons that are largely localized about such
atoms as oxygen, the halogens, sulfur, and nitrogen.

As

shown in Figure 2, there are four types of electronic
transitions:
i)

a

- a *

transitions

An electron in a bonding o orbital of a molecule is
excited to the corresponding antibonding orbital by
absorption of radiation of the appropriate energy.

The

molecule is then described as being in the o, a* excited
state.

The energy required to induce a o

>

a

tran—
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Figure 2
Electronic molecular energy level

.
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sition is usually large, corresponding to
vacuum
ii)

light in the

ultraviolet region, below 175 nm.
n - a* transitions

Saturated compounds containing atoms with unshared
electrons
n

>

pairs (nonbonding

transitions, these transitions require less

o*

energy than the
by

electrons) are capable of

a

>

type and can be brought about

a

radiation in the region of between 150-250 nm, with

most absorption peaks appearing below 200 nm.
tion

maxima for formation of n, a

to shorter wavelengths in the

Absorp

state tend to

presence of

shift

more

polar

solvents such as ethanol or water.
iii)

n

>

«•* and w

>

** transitions

Most applications of absorption spectroscopy to
organic compounds are based upon transitions for n or electrons

to the **

excited state, because the energies

required

for these processes bring the absorption peaks

into the region between 200 to 700 nm.

Both transitions

require the presence of an unsaturated functional group
to provide the * orbitals.

These unsaturated absorbing

centers are called chromophores.
The

molar

absorptivities

excitation to the n

>

for

the

associated

with

** state are generally low and

ordinarily range from 10 to 10=
r

peaks

other

hand,

L/cm= mol; values for
normally

range between 10= and 10< L/cm= mol.
between the two types of

fall

in the

Another difference

absorption

is

the

effect

„,„on4. on the wavelength of the peaks,
exerted by the solvent on tne
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Peaks associated with n

>

w* transitions

are

generally shifted to shorter wavelength (a hypsochromic
or blue shift) with increasing polarity of the solvent.
Usually,

but

not

always,

the

reverse

trend

bathochromic or red shift) is observed for w
transitions

as

the

polarity

of

the

(a
>

**

solvent

increases(16'23).
D) Fluorometric reagents
The most successful fluorometric reagents for cation
analyses have aromatic structures with two or more donor
functional groups that permit chelate formation with the
metal ion. Rhodamine dyes are highly fluorescent mole
cules and

are useful

reagents

for the

colorimetric

determination of thallium and mercury.
Rhodamine 6G

(R6G),

a

xanthene

organic dye and is shown in

derivative,

Figure 3.

is

an

Rhodamine dyes

are used in lasers as an amplifying medium because they
are characterized

by a strong absorption

visible region of the electromagnetic

band

in the

spectrum.

Such

property is found only in organic compounds which con
tain an extended system of conjugated bonds. The long
wavelength absorption band of dyes is attributed to the
transition from the electronic ground state So

to the

first excited singlet state Si.

process

Sj

>

The reverse

So is responsible for the spontaneous emission

(fluorescence) and for the stimulated emission of these
dyes.

Because of the large transition moment, the rate
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Figure 3
Molecular structure of the Rhodamine 6G chloride

.
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K'HCjH.

cr

of spontaneous emission is rather high and the radiative
lifetime of fluorescence is on the order of nanoseconds.
When the dye

is pumped with an intense light source

(flash lamp or laser), the R6G

molecules are excited

typically to some higher level in the singlet manifold,
from which they relax within picoseconds to the lowest
vibronic level of Si as shown in

Figure 4^20'24^.
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Figure 4.
Energy level diagram of an organic dye molecule

38

«a
to
i
CO

E) Objectives
From the discussion above,

it can be seen that the

study of the determination of thallium and mercury is
very important from both theoretical and practical point
of view.
Methods based on ion-association complex formation
seem to provide the best alternative choice to the con
ventional

methods

based

on

extraction.

Spectrophoto

metry methods provide superior sensitivity and selec
tivity; in addition, they are more reproducible.
A review of the literature has shown that there is lit
tle reported

work on the determination of Tl(III) in

solution by the detection

of ion-association complexes.

The same can be said of Hg(II).
our knowledge, nobody has used

Also, to the best of

spectrophotometry meth

ods to differentiate between Tl(I) and Tl(III) using R6G
in the presence of iodide.
It is the purpose of this work to use spectroscopy to
quantitatively determine
aqueous solution by
Another goal

is to

traces of Tl(III) or Hg(II) in

-association couple* formation.

ion

develop a

nethod to differentiate

between Tl(III) and T1(I)-
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EXPERIMENTAL

A) General information
Rhodamine 6G (R6G) was obtained

from

Eastman (laser

grade); potassium iodide and mercuric chloride were from
Baker (reagent

grade); potassium

thiosulfate was from

Fisher (reagent grade); and dichlorodimethylsilane was
from SIGMA (reagent grade).

Thallium(l) chloride

thallium(III) chloride were from ALPHA

and

(reagent grade),

potassium chloride was also from ALPHA (ultra pure).
All these reagents were used without further purifica
tion.

The water used throughout this work was deionlzed

and glass-distilled in a Corning model MP 1 distillator.
Stock

solutions

were

prepared

gravimetrically.

The concentrations of the stock solutions

are

in the

molality scale (mole of solute per kilogram of solvent).
Deionized

glass-distilled

water was used

as solvent

for the preparation of the stock solutions,
the preparation of TICI3, where 1.00 X

except for

10-1M

used to prevent the formation of T1(0H)3

as

HCl

was

shown in

Equation 17

Tl+3

+ 3H20

>

T1(0H)3 + 3H+

(17)

For the Tl(III) systems the pH of the solutions was
approximately 1,

as measured

with

a

Corning

pH

meter

model 130.
The flask that

was

used

in the

preparation

of the

stock solutions of T1(III) chloride was siliconized (to
42

prevent adsorption of TI(III) by the glass) by the fol
lowing procedure:
glass

desiccator,

a volumetric flask was placed in a
1

ml

of

dichlorodiroethylsilane

was

added to a small beaker inside the desiccator, the des
iccator was attached through a trap to a vacuum for 5
minutes, then the vacuum was turned off and quickly air
was

allowed

to enter the desiccator.

This

causes

a

uniform dispersion of the gaseous dichlorodimethylsilane.
The vacuum

was turned

achieved inside the

on

again

until

desiccator.

a

vacuum

was

After that the system

was closed

and the desiccator was left under vacuum for

two hours.

Finally the desiccator was opened and the

flask was baked at 180° for two
All

the

experiments

were

hours (25).

done

at

room

temperature

which was typically 22°C and was measured with a telethermometer (Techne model TE-8D).
All the spectra were plotted using an HP 7470A graph
ics plotter which was driven by a Perkin Elmer, model
7500, Data station.
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B) Emission studies
Luminescence measurements were done on a Perkin-Elmer
LS-5

spectrof luorimeter

fessional
light

computer

and

Perkin-Elmer

using the CLS-3 program.

path quartz fluorescence cuvettes were

nominal

7500

pro

One

cm

used.

A

slit with of 3 nanometers was used for both the

excitation and emission monochromators.
In luminescence studies involving KI, K2S203 was added
to prevent the formation of I3 .
iodine and

thiosulfate

The reaction between

is described

by the

following

Equation

2 S203~2 + I2

> 2 I~ + S406~2

Typically,
system,

for the

preparation

(18)

of

a two component

an aliquot of 1.00 X 10"5m R6G was added to a

10 ml flask then . 5 ml water and variable amounts of
the second component KI, HC1, KC1, T1C1, TlCl^, or HgCl2
were added.

In experiments dealing with three component

systems, an aliquot of 1.00 X 10"5m R6G was added to a
10 ml flask then - 5 ml

water and variable amounts of

the second

and

component

KI

variable

amounts

of

the

third component MCI, MClj, or HgCl2 were added.

In

all experiments deionised glass-distilled water was
added to make it up to 10 ml.
one minute and
ately.

The flask was shaken for

the emission spectra were taken

immedi-

• nf, ranae was from 527-600 run and the
The scanning range

wavelength of excitation was 526 nm.
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The emission spectra of two component systems with R6G
and with KI, HC1, KC1, TlCl, T1C13, or HgCl2 were re
corded using the above conditions.
of three

The emission spectra

component systems with R6G

TlCl, KI and T1C13 or KI and HgCl2

were

and with KI and
also recorded

under those conditions.
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c)

Absorption

studies

All of the absorption spectra

were recorded with a

Perkin-Elmer Lambda Array 3840 UV/VIS spectrometer and a
Perkin-Elmer 7500 professional computer using the PECUV
program with wavelength accuracy ± 0.2 nm,
meter quartz cuvettes were used.

Water

reference for T1(I) system, and 1.00 X

One centi
was used

as

HC1 was the

reference for the Tl(III) system.
To elucidate the composition of ion-association com
plexes
used.

in solution two spectrophotometric methods were
The mole-ratio method

and the continuous-varia

tion <28>.
1) The mole-ratio method.
In this method a series of solutions is prepared keep
ing two components of the system at constant concentra
tion 1.00 X 10~5m, and changing the concentration of the
remaining component.
In one experiment the concentration of R6G and T1C13
were held constant, and the concentration of KI varied
from O.OO to 15.0 X 10"5m.

The absorbance of each solu

tion was measured and plotted versus the concentrations
of KI.
Another experiment was
was carried
carneu out with R6G and Hg(II)
chanqing the concentration of
at constant concentration cnanyo. y
97 o X 10"5m.
The absorbance of the
KI from 0.00 to 22.0 a j.v
, a. • ^ was dotted versus the concentration
different solutions was piorre
of KI.
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2) The continuous-variation method
Continuous variation method was performed by mixing a
series of solutions in which the mole fractions of its
components varied from zero to one, the total concentra
tion of the solution in each mixture being

the same.

The absorbance of each solution was measured

and plott

ed versus the concentrations of the metal divided by the
total concentration.

The total concentration selected

for this purpose was 8.00 X 10 ~*m for R6G—iodide-mercu
ry(II) system.
For absorption studies we found that K2S2O3 decreased
the absorbance at wavelength 575 nm for ion-association
complexes of the R6G-iodide-Tl(III) systems and at wave
length 565 nm for R6G-iodide-Hg(II) systems, therefore
k2s2°3 was

not

include€i

the

PreParat^on

these so

lutions.
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I l l • Results

The present study involves the determination of thal
lium

and mercury by the formation of

ion-association

complexes of either of these metals with rhodamine 6G in
the presence of iodide.

The net effect of ion-associa

tion complex formation is a decrease in the fluorescence
intensity of rhodamine 6G

in the solution; therefore,

Stern-Volmer plots will be used to quantify the amounts
of thallium and mercury present in the system.
To ascertain that the decrease in fluorescence inten
sity of the rhodamine 6G is due only to complex forma
tion and not to the different separate components of the
system, a systematic study of all the possible two and
three component system was undertaken.
The fluorescence emission spectrum of aqueous R6G at a
wavelength of excitation 526 run in the range from 527600 run is shown in

Figure 5.

The band is symmetric and

centered at « 556 nm.
Figure

6

shows

the

effect

of

adding

KI

fluorescence intensity of R6G at <= 556 nm*
seen, addition

of

KI

in the

intensity

of

R6G

at

the

As can be

concentration

0.00 to 18.0 X 10" 5 m did not

on

range

from

change the fluorescence

wavelength -

556

nm

and

did

not

change either the shape of the band or its position.
Thallium work was done at pH - 1 to avoid the forma-

farrpd to in
tion of T1(0H)3 referred to in

Equation 17 •
^

effect of the pH
to determine the erie<-vur'i
intensity of R6G, HC1

In. order

on the fluorescence

in the range from 0.00 to 0.100 m
in tne

i 00 X 10~ 5 m R6G.
was added to l.ou a

At these concentration
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Figure j>
Fluorescence emission spectrum of 1.00 X 10
water at room

temperature.

Excitation

in R6G i

wavelength

526 ran.
(Fluorescence intensity in arbitrary units.)

Figure 6
Stern-Volmer plot for quenching of the fluorescence
of

1.00 X 10~5m R6G by KI in water at room temper

ature.

Excitation wavelength = 526 nm.

(Fluorescence intensity in arbitrary units.)
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2.00

'f/|'a
1.50

1.00

0.50

-0

n n n-t

ranges, as can be seen in Figure 7, no quenching
was

detected,

and

no

change

in

the

shape

or

the

position of the band was observed.
Given that the ionic strength was being

changed

in

these experiments, we checked to see if the changes in
the ionic strength were responsible for the quenching
that was observed.
ionic strength

In order to determine the effect of

on the fluorescence

intensity of

R6G,

KC1 in the range from 0.00 to 13.0 X 10~5m was added to
1.00 X 10~5m R6G.

At these concentration ranges, as can

be seen in Figure 8, no quenching was detected and no
change in the shape or the position of the

band

was

observed.

A) Thallium studies
1} Emission methods
No change in the fluorescence intensity of aqueous R6G
at = 556 rum was observed
range from

by the addition of TICl in the

0.00 to 7.00 X 10"5m or T1C13

in the range

from 0.00 to 1.60 X 10~5m and also no change
shape or position of the

band

in the

was observed. This

is

shown in Figures 9 and 10 respectively.
As can be seen in Figure 11 the fluorescence intensity
of 1,00 X 10~5m

R6G was not changed by the addition of

KI, in the range from 0.00 to 12.0 X 10~5m, in the pres
ence of 1.00 X 10"5m T1(I).

No change in the shape or

position of the band was observed either.
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Figure 2

Stern-Volmer plot for quenching of the fluorescence
of 1.00 X 10~5m R6G by HC1 in water at room temperature.
Excitation wavelength 526 = nm.
(Fluorescence intensity in arbitrary units.)
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Figure £
Effect of changing

ionic strength (KCl) on the fluo

rescence intensity of 1.00 X 10_5m R6G in water at room
temperature.

Excitation wavelength = 526 nro.

(Fluorescence intensity in arbitrary units.)
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Figure 2.

Effect of 0.00 - 7.00 X 10~5m TIC1 on the fluores
cence intensity of
temperature.

1.00 X lO"5* R6G in water at room

Excitation wavelength «= 526 nro.

(Fluorescence intensity in arbitrary units.)
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Figure 10

Stern-Volmer plot for quenching of the fluorescence
of 1.00 X 10"5m R6G by TlCl3 in water at room temper
ature.

Excitation wavelength = 52 6 nm.

(Fluorescence intensity in arbitrary units.)
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Figure 11
Effect of KI on the fluorescence intensity of 1.00 X
5m

R6G in the presence of

room temperature.

1.00 X 10~5m TICl in water

Excitation wavelength = 526 nm.

(Fluorescence intensity in arbitrary units.J
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[ (CIJ X 1 o

In contrast to the results obtained with T1(I), there
was a decrease in If of 1.00 X X0~5m

R6G as the concen

tration of KI increased in the presence of 1.00 X 10~5m
Tl(III).

This resulted in a small shift in the position

of the band
[KI] =

to higher energies reaching a 553 nm at

16.1 X 10~^m.

shape of the band.

No change

was observed

Figure 12 shows the

in the

fluorescence

emission spectrum of R6G in the presence of 1.00 X 10~5m
T1C13

and 11.0 X 10~5m KI.

A comparison of this figure

with Figure 5 shows that the fluorescence intensity of
R6G is decreased at = 556 nin.

The Stern-Volmer plot for

the quenching of R6G by T1C13 in the presence of KI is
shown in Figure 13; this figure shows that requires a
3.00 X 10~5m

minimum threshold concentration of iodide

for quenching to be observed.

The experimental results

are summarized in Table I.
Figure 14 shows the Stern-Volmer plot for the quench
ing of 1.00 X 10~5m R6G by T1C13, in the range from 2.00
X 10~6m to 12.0 X 10-6m, in the presence of 12.0 X 10~5m
KI.

As can be seen from Figure 14, there was no quench

ing of R6G when the concentration of T1C13 was less than
3.00 X I0~6m.

The experimental results are summarized

in Table II.
A study of the quenching of 1.00 X 10 ^m R6G fluores
cence in

12.0 X 10~5m aqueous KI in the presence of

varying amounts of Tl(III) and T1(I) is shown in Figure
15.

In

these experiments the

(Tl(III) + Tl(I))

was kept

total

T1

concentration

constant

at

1.00 X 10

—5

m.
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Ficrare 12
Fluorescence emission spectrum of 1.00 X 10~5m R6G,
in the presence of 1.00 X 10~5m T1C13, and
KI at pH « 1, and at room temperature.

11.0 X 10~5m

Excitation wave

length = 526 run.
(Fluorescence intensity in arbitrary units.)
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X}isue)}ui
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Figure 13
Stern-Volmer plot for quenching of the fluorescence
of 1.00 X 10~5m R6G, by

1.00 X 10~5m T1C13, as a func

tion of the concentration of KI at pH = 1, and
temperature.

at room

Excitation wavelength = 526 nm.

(Fluorescence intensity in arbitrary units.)
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Table i.

Effect of KI on the fluorescence Intensity
of aqueous

1.00 X 10~5m R6G with equi-

molar concentration
(Fluorescence

of Tl(III).

intensity

in

arbitrary

units.)

If/1-

KI X 10V(mole/Kg)

I.00

90.2

90.7

.999

2.00

97.2

96.7

1.00

3.00

97.2

93.6

1.04

4.00

92.4

85.2

1.08

5.00

97.2

79.0

1.23

7.00

100.1

74.0

1.35

8.00

100.1

70.6

1.42

9.00

99.9

65.5

1.52

II.0

99.9

62.9

1.59

12.0

100.4

57.0

1.76

14.0

100.4

55.6

1.80

16.1

100.4

56.2

1.78
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Ficrure 14

Stem-Volmer plot for quenching of the fluorescence
of 1.00 X 10_5m R6G, and 12.0 X 10~5m KI, as a function
of the concentration of T1C13 at pH =
temperature.

1 and

at room

Excitation wavelength = 526 nm.

(Fluorescence intensity

in arbitrary units.)
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Table XI.

Effect of T1C1 3 on the fluorescence inten
sity of aqueous

1,00 X 10~^m R6G in the

presence of 12.0 X 10~ 5 in KI.
(Fluorescence

intensity

in

arbitrary

units.)

T1C1 3 X 10 6 /(mole/Kg)

If

Ia

I f/ I a

2.00

92.0

91.4

1.01

3.00

92.0

89.0

1.03

4.00

89.6

83.0

1-08

6.00

89.6

69.4

1.30

8.00

92.9

61.6

1.50

10.0

89.6

47.9

1.87

12.0

94.8

46.7

2.03
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Figure 15
Stern-Volmer plot for quenching of the fluorescence
of 1.00 X 10~5m R6G

by TlCl^ in the range from 4.00 X

10~6m to 9.00 X 10~6m, in the presence of T1C1 and 12.0
X 10~5m

KI at pH =

1, and at room temperature.

total concentration of T1 (Tl(III) + Tl(III))
constant at 1.00 X 10~5m.

The

was kept

Excitation wavelength =

526 nm.
(Fluorescence intensity in arbitrary units.)
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The different proportions of TI(III) and T1 and

experi

mental results are summarized in Table III.
2) Absorption methods
a) The mole-ratio method
The absorption spectrum

of R6G

in the

presence of

eguimolar concentrations of 1.00 X I0~5m T1C13
in Figure 16.

is shown

There is a fairly symmetric peak

cen

tered at 526 with a shoulder at approximately 490 nm.
The effect of adding a variable range of concentra
tions of KI on the absorption spectrum of 1.00 X 10~^m
R6G

with equiroolar concentrations of T1C13 was studied.

It was

found that a shoulder starts to appear at about

575 nm for the Tl(III) system when the concentration of
KI reached 3.00 X 10~5m.

Figure 17 shows the absorption

spectra of two solutions of R6G

with

T1C13 and

Spectrum "a"

was

spectrum "b"

corresponds to 12.0 X 10~bm KI.

KI.

obtained with 5.00 X 10~5m KI while
As can

be seen, the shoulder intensity is increasing at a wave
length of

575 nm while the intensity of the peak at 526

nm is decreasing.

Also the intensity of the shoulder at

about 490 nm is decreasing.
A plot of the absorbance at 57 5 nm, versus the con
centration of KI for the T1C13 system,
the concentration

of

KI

shows that as

increases, the absorbance at

wavelength 575 nm increases until the concentration of
r

KI reaches 12.0 X 10~bm.

—5

This is shown for 1.00 x 10

Ticl3 and 1.00 X 10~5m R6G in Figure 18.

m

The results,
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Table XII.

Effect of T1C13 on the fluorescence inten
sity of aqueous

1.00 X 10"5m R6G

in

the

presence of T1C1 and 12.0 X 10_5m KI.
The total concentration of T1 (Tl(III) +
T1(I)) was kept constant at 1.00 X 10~5xa.
(Fluorescence

intensity

in

arbitrary

units.)

T1C13 X 106/(mole/Kg)

If

Ia

If/Ia

4.00

92.6

83.7

1.11

5.00

92.6

83. 3

1.12

6.00

90.7

76.4

1.19

7.00

90.7

71.5

1.27

8.00

89.6

65.0

1.38

9.00

89.6

60.9

1.47
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Figure 16
Absorption

spectrum

of

R6G

in

the

presence

of

an

5
equimoiar concentration of 1.00 X 10~ m T1C13 at room

temperature.
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Ficrure 17

Absorption spectra of

1.00 X 10~5m R6G in the pres

ence of

1.00 X 10~5m TICl-j and

Spectrum

MaM

5.00 X 10~5m KI.

KI at room temperature.

Spectrum "b" 12.0 X 10~5m

KI.
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Ficrure 18
Mole-ratio method for the R6G-iodide-thallium(III) sys
tem.

1.00 X 10~5m Tl(III) and 1.00 X 10~5m R6G at room

temperature.

Absorbance at 575 nro.
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as function of the concentration of KI, are tabulated in
Table IV.
Figure 19 shows the effect of time on the absorbance
of 1.00 X 10~5m R6G, 1.00 X10~5m T1C13 and 12.0 X 10~5m
KI at a wavelength of 575 nm.

The absorbance increased

by .0281 units of absorbance from minute one to minute
five.

After approximately five minutes it

became

stable.
A study of the interactions between 1.00 X 10"~5m R6G
and thallium(III) at concentrations higher than 1.00 X
10~^m shows that a shoulder starts to appear at about
575 nm when the concentration of TICI3 is greater than
2.00 X 10 ^m.

Figure 20 shows the absorption spectra of

R6G with 4.00 X 10~5m and 7.00 X 10~5m TICl-j.

As can be

seen the shoulder intensity is increasing at a wave
length of

575 nm while the intensity of the peak at 526

nm is decreasing.

Also the intensity of the shoulder at

about 490 nm is decreasing.
A plot of the absorbance at a wavelength 575 nm versus
the concentration of

T1C13 as shown in Figure 21 indi

cates that as the concentration of TICI3 increases, the
absorbance at wavelength 575 nm increases.

Results are

given in Table V.
B) Mercury(II) studies
1) Emission method
No change in the fluorescence intensity, the shape or
the position of the band of R6G at - 556 nm was observed
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£abl£ IV.

Mole-ratio method

data for

R6G-iodide-

thallium(lll) aqueous solutions at pH « l
and at room temperature.
R6G

=

1.00

X

10

5m.

T1(III)= 1.00 X 10

5m.

Concentration of
Concentration

of

Absorbance is at

wavelength 575 nm.

KI X 10 / (mole/Kg)

a5?5

1-00

0.0099

2'°0

0.0170

3-00

0.0375

4.00

0.0830

5.00

0.1151

6.00

0.1304

7.00

0.1691

8.00

0.2026

9.00

0.2089

10.0

0.2147

11.0

0.2480
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Table IV.

Continued.

KI X 105 /(mole/Kg)

A575

13.0

0.2510

T
H

0.2591

15.0

•

0.2630

o

12.0

0.2611
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Figure 19
Time effect on the absorbance of 1.00 X 10-5m R6G,
1.00 X 10~5xa T1C13 and 12.0 X 10~5m KI at 575 nm.
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o

Figure 20
Absorption spectra of 1.00 X 10~5m R6G in the pres
ence of

T1C13 at room temperature.

4.00 x 10

5m

Tlci3.

Spectrum

Mb"

Spectrum
with

Ma"

with

7.00 x lo"5m

TICI3.
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Figure 21
Mole-ratio method for R6G-Thallium(III).
10~5m aqueous R6G.

1.00 X

Absorbance at 575 nm.
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up

by the addition of HgCl2 in the range from 0.00 to 15.0
X 10-^ra.

This is shown in Figure 22.

hand, there was

On the other
—5
a decrease in the If of 1.00 X 10 m

R6G as the concentration of KI increased in the presence
of

1.00

10~5ro

X

Hg(II).

Figure

23

shows

the

fluorescence emission spectrum of R6G in the presence of
1.00 X

10~5m Hg (II)

and

6.00 X 10~5m

KI.

A

comparison of this figure with Figure 5 shows that the
fluorescence intensity of R6G decreases at = 556 nm and
a small shift to lower wavelengths in the position of
the band is observed.

When the KI concentration is 12.0

X 10~5m the wavelength of maximum emission is 553 nm.

No change in the shape of the band was observed.

This

indicates that the fluorescence of R6G is quenched by an
equimolar concentration of Hg(II) in the presence of KI.
A plot of the quenching of R6G by Hg(II) in the presence
of KI is shown in Figure 24.
figure, the

minimum

As can be seen from this

concentration of KI required

quenching is 3.00 X 10~5m.

for

The experimental results are

summarized in Table VI.
Figure 25 shows the Stern-Volmer plot for the quench
ing of 1.00 X 10"5m R6G by HgCl2

in the range from .500

X 10~6m to 13.0 X 10~6m in the presence of 5.00 X 10~5m

KI.

As can be seen from Figure 25, there was no quench

ing of R6G when the concentration of HgCl2 was less than
2.00 X 10~*6m.

The experimental results are summarized

in Table VII.
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Table V.

Mole-ratio

method data for

(III) aqueous

solutions at pH « 1 and at

room temperature.
1.00 X 10_5m.

R6G-thallium

Concentration of R6G =

Absorbance is at wavelength

575 nm.

T1C13 X 105/ (mole/Kg)

A575

1.00

0.0138

2.00

0.0687

3.00

0.1461

4.00

0.1878

5.00

0.2171

6.00

0.2667

7.00

0.2970

9.00

0.3071

10.0

0.3085

11,0

0.3378

12.0

0.3301
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Figure 22
Effect of HgCl2 in the range from 0.00 to 15.0 X
10

on the fluorescence intensity of 1.00 X 10

in water at room temperature.

m R6G

Excitation wavelength

=

526 run.
(Fluorescence intensity in arbitrary units.)
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Figure 21
Fluorescence emission spectrum of 1.00 X 10~5m R6G in

the presence of

1.00 X 10

in water at room temperature.

HgCl2 and, 6.00 X 10
Excitation

m KI

wavelength =

526 nm.
(Fluorescence intensity in arbitrary units.)
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g
TO
ac8

X^tsuavJj

Flcrure 24
Effect of KI on the quenching of R6G with equimolar
concentration of 1.00 X 10~5m mercury(IT) in water at
room temperature.

Excitation wavelength 526 = nm.

(Fluorescence intensity in arbitrary units.)
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2£bl£

VI.

Effect of KI on the fluorescence intensity
of aqueous

l.oo X 10"5m

R6G with equi-

molar concentration of Hg{ll).
(Fluorescence

intensity

in

arbitrary

units.)

KI X 10 / (mole/Kg)

i

3

1.00

98.7

2.00

99.2

3 *00

62.0

4.00

49.4

5.00

43.4

6.00

36.3

7.00

36.9

3.00

33.4

10.0

37.8

15.0

40.8
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Figure 25
Stern-Volmer plot for quenching of the fluorescence
of 1.00 X 10~5m R6G
HgCl

2

in the

by

0.500 X 10"6m - 13.0 X 10-6m

presence of 5.00 X 10~5m

KI.

Excitation

wavelength = 526 nm.
(Fluorescence intensity in arbitrary units.)
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Sable VII.

Effect of HgCl2 on the fluorescence inten
sity of aqueous
presence

of

1.00 X 10"5ra R6G in the

5.00

X

I0"5m

KI

at

room

temperature.
(Fluorescence

intensity

in

arbitrary

units.)

HgCl2 X 106/(mole/Kg)

if

.500

755

745

1.01

1.00

755

724

1.04

2.00

750

681

1.10

3.00

750

629

1.19

4.Q0

752

592

1.27

6.00

752

462

1.63

8.00

750

325

2.30

10.0

743

288

2.58

13.0

755

222

3.41

104

2) Absorption jne^&gds
a)

Mole-ratio method

The

absorption spectrum

of R6G

in the

presence of

equimolar concentrations of HgCl2 is shown in Figure 26.
There is a fairly symmetric peak

centered at 526 with a

shoulder at approximately 490 nm..
10

The effect of 1.00 X

m KI on the absorption spectra of 1.00 X 10~5m R6G

with equimolar concentrations of HgCl2 was studied and
it was

found that a shoulder starts to appear at wave

length 565 nm for the Hg(II) system when the concentra
tion of KI reaches 3.00 X 10"5m.

Figure 27 shows

typi

cal absorption spectra of R6G, in the presence of HgCl2,
and two concentrations of KI.

A comparison

with the

spectrum in Figure 26 shows that a new shoulder is cen
tered at 565 nm and increases as the absorbance of the
peak at 526 decreases.
the shoulder

In addition, the intensity of

at about 490 nm is diminished.

A plot of the absorbance at

wavelength 565 nm, ver

sus the concentration of KI for the HgCl2 system, shows
that as the concentration of KI increases, the absorb
ance at wavelength 565 nm increases until the concentra
tion of KI reaches 6.00 X 10~5m.
ure 28.

This is shown in Fig

The numerical results are tabulated in Table

VIII.
Figure 29 shows the effect of time on the absorbance
of 1.00 X 10~5m R6G, 1.00 X 10~5m HgCl2 and 6.00 X 10~5m
KI.

A small increase

in absorbance,

reaching

about

105

r.mure £ t>
Absorption spectrum of K6G in the presence of equimolar

concentration

of

1.00

X

10"5m

HgCl2 at roon

temperature.
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souoqjosqy

Figure 27
Absorption spectra of 1.00 X 10~5m R6G in the pres
ence of

1^00 X 10

5m

HgCl2 and KI at room temperature.

Spectrum "a" with 3.00 X 10"5m KI.

Spectrum "b" with

6.00 X 10~5m KI.
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o

8

Figure 28
Mole—ratio method for the R6G—iodide—mercury(II)
system.

1.00 X 10~5m aqueous HgCl2 and

at room temperature.

1.00 X10~5m R6G

Absorbance at 565 nm.
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(Kl)Xtf

•^ablg ¥1X1.

Mole-ratio

method

mercury(II)
temperature.
X 10"5m.
10

m.

data

aqueous

R6G-iodide-

solutions

at

room

Concentration of R6G » 1.00

Concentration of Hg(II) = 1.00 X

Absorbance is at

KI X 105/ (mole/Kg)

for

565 nra.

A565

0.00

0.0186

1-00

0.0131

2.00

0.0229

3.00

0.1427

4.00

0.2455

5.00

0.2773

6.00

0.2734

7.00

0.2703

8.00

0.2667

10.0

0.2799

12.0

0.2762

14.0

0.2758
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Table VIII.

Continued.

KI X 1 0 5 /(mole/Kg)

A5 6 5

16.0

0.2763

18.0

0.2648

20.0

0.3024

22.0

0^2715

Ficrure 29
Time effect on the absorbance of 1.00 X 10~5m R6G,
.00 X 10~5m HgCl2 and

6.00 X 10~5m KI at 565 ran.
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•0062 units of absorbance after 8 minutes.
changes in the absorbance at 565
b)

No

Further

nm were observed.

Continuous-variation

To find the ratio of R6G to mercury-iodide in the
system, a plot of the absorbance at wavelength 565 ver
sus the ratio of Hg(II)/(R6G + Hg(II) + I") „as con
structed in Figure 30.
two

maxima

are

As can be seen from Figure 30,

observed:

One

corresponds

to

a

Hg(Ii)/(R6G + Hg(II) + I") ratio of .150 while the other
one is present at Hg(II)/(R6G + Hg(II) + I") = .230.
The numerical values are shown in Table IX.
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Ficrure 30
Continuous-variation
R6G.

method

for mercury(II)-iodide-

Concentration of R6G + I" + Hg(II) = 8.00 X 10"5m;

I / R6G = 6.

Absorbance at 565 nm.
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i

Iabl£ xx.

Continuous-variation method data for R6Giodide-mercury(II) aqueous solutions at
room temperature.
I

Concentration of R6G +

+ Hg(II) = 8.00 X 10

-5m;

I-/ R6G - 6.

Absorbance is at 565 nm.

Hg+2/(Hg+2 + I~ + R6G)

a
565

•0125

.0272

-0375

.0892

.0625

.1558

•0938

.2262

.125

.2735

•162

.2786

•188

.2628

.200

.2445

•212

.2051

•222

.2563

•231

.2752
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Isble XX*

Continued.

Hg+2/(Hg+2 + j- +

R6G)

565

•238

.0964

.250

.0154

•312

.0170

•500

.0114

DISCUSSION

The prime purpose of this investigation was to estab
lish the existence of ion-association complex formation
in the systems Tl(III), i~ and R6G, and Kg(II), l~, and

R6G; and to use these ion-association complexes

for the

spectrofluorimetric determination of Tl(lll) and Hg(Il)
in aqueous solutions.

Throughout this work changes in the fluorescence in
tensity of R6G are linked to the concentration of these
cations; therefore we first established that the fluo
rescence intensity of 1.00 X 10~5m R6G was unaffected by
changes in the ionic strength of the aqueous phase, or
pH in the ranges described in this work, this is consis
tent with the previous work Vuayakumar(12).
In addition, although it has been reported that iodide
quenches the fluorescence of R6G by charge-transfer
interaction^20), no quenching was detected within the
concentration range utilized through this work.

A) Thallium studies
1) Emission methods
Our results indicate that T1(I) and Tl(III) did not
form ion-association complexes with R6G in the concen
tration ranges from 0.00 to 7.00 X 10~5m, and 0.00 to
1.60 X 10

respectively.

This was concluded because,

as shown in figures 9 and 10, there was no change in the
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intensity nor in the shape or the position of the fluo
rescence band in the emission spectrum of R6G.
No changes in the fluorescence intensity or the shape
of the emission spectrum of 1.00 X 10~5m R6G were ob
served
T1(I)

in the presence of equimolar concentrations of
by

the

addition

of

KI

as shown

in

Figure

11.

These results are usually interpreted as an indication
that Tl(l) does not form an ion-association complex with
R6G in the presence of iodide.
A decrease in the fluorescence intensity of a solution
containing equimolar concentrations of 1.00 X 10~5m

R6G

and T1C13 was observed with an increase in the amount of
KI present in solution.
tion

of

KI

increased,

creased, until

In general, as the concentra
the

fluorescence

intensity

de

a concentration af 12.0 X 10~5m was

reached, then, as shown in figure 13, the fluorescence
remained constant. In addition, changes were
apparent from the color change of R6G
pink

visibly

from orange to

when Tl(III) was added in the presence of KI.

A

possible interpretation of these results is that thallium(Ill) forms an ion-association complex with R6G and KI
causing the decrease in the fluorescence

intensity of

R6G.
As

shown

in

Figure

14,

Ion-association

formation can be used for the quantitative

complex

determina

tion of Tl(III) in the range from 4.00 X 10~6m to 1.2 X
10~5m.

Below this concentration it

was

not

possible
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With

our present instrumentation to detect quenching of

R6G by TI(III) in the presence of KI.
One advantage of this method is that it can also
used

to determine Tl(lll) in

the

presence

of

be

T1(I).

Figure 15 shows the Stern-Volmer plot for the quenching
of 1.00 X 10 5xn R6G in the presence of different propor
tions of Tl(lll) and T1(I).

The total concentration of

Tl(IH) + T1(I) = 1.00 X 10~5ra and the concentration of
KI was kept at 12.0 X 10"5m.

From this figure it can be

concluded that T1(I) did not interfere in the detection
of T1(III).
2) Absorption methods

Investigation of the T1(III)-R6G-iodide ion-associa
tion

complex by the mole-ratio method shows that the

complex is weak.

Figure 18 shows that a molar ratio 1~/

Tl(lll) higher than 12 is necessary for the complete
formation of the ion-association complex.
Typically, the ion—association complex takes approxi
mately five

minutes for complete formation; after which

there is no time effect (Figure 19).
In

Figure 20 it

is possible to observe a shoulder

starts to grow after the concentration of T1 (III) is
over 2.00 X 10

5m.

This occurs when R6G has a constant

concentration of 1.00 X 10
this,

it

is not

As

possible to

find

a

the

consequence

of

stoichiometric

ratio of R6G to Tl(III), and I~ under the experimental
conditions that were used.

However, it is possible to
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detect TI(III) in the absence of I"; under these con
ditions T1(III) shows a direct relationship between
concentration and absorbance in the range from 3.00 X
10~5m to 7.00 x lo"5m.
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B) Mercury studipR
!) Emission methods
Our

results indicate that

Hg(ii) did

not

form

ion-

association complexes with R6G in a concentration range
from

O.OO to 15.0 X 10

4m.

This was concluded because,

as shown in Figure 22, there was no change in the inten
sity of R6G nor in the shape or the position of the flu
orescence band in the

emission spectrum.

A decrease in the fluorescence intensity of a solution
containing eguimolar concentrations of 1.00 X I0~5m R6G
and Hg(II) was observed with an increase in the amount
of KI present.

In general, as shown in Figure 24, as

the concentration of

KI increased, the fluorescence

intensity decreased until a concentration 6.00 X I0~5m
was reached, then the
Also,

fluorescence remained constant.

changes were visibly apparent

from the color

change of R6G from orange to pink when Hg(II) was added
in the presence of KI.

As before, this is an indication

that mercury forms an ion-association complex with R6G
and KI causing the decrease in the fluorescence intensi
ty of R6G.
Figure 25 shows that, by using ion-association complex
formation,

Hg(II) can

be detected over a range of con

centrations from 3.00 X 10"~*m to 1.30 X 10

5m.

Below

this concentration range, it was not possible to detect
quenching of R6G by Hg(II) in the presence of KI by the
present technique
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2) Absorption methods
Investigation of the ion-association complex by the
mole-ratio method shows that a molar ratio IT/ Hg(Ii)
higher than six is nesessary for the complete formation
of the ion-association complex.
ure 28,

at

high concentration

Also, as shown in Fig
of

KI

tetraiodomercur-

ate(ll) forms.
The continuous-variation method (Figure 30) shows that
there are two complexes forming; one is very weak and
forms at

low

concentrations of

composition [(R6G)HgI3].

iodide

with

empirical

A more stable complex forms at

higher concentrations of iodide

with empirical composi

tion ((R6G)2HgI4].
There was a small increase

in the absorbance at 565

nm for the system R6G, I , and Hg (II), (Figure 29) for
approximately eight minutes, after which no effect

by

time was observed in the absorbance.

C) Interferences
There have been several publications about the quanti
tative determination of trace metals in aqueous solu
tions by formation of ion—association complexes, and on
the interferences of different metals on these determi
nations

"7*

Pedreno^27),

15,27) ^

por

exaB)pie^

ortuno, Perez, and

used 1,2,4,6-tetraphenylpyridinium

per-

chlorate to determine gold by formation of an ion-asso
ciation complex with gold(III) and chloride anions.
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Crystal

violet

forms

ion-association

mercury and gold in the presence of
thallium

forms

complexes

iodide.

ion-association complexes

violet in the presence of bromide.

with

Whereas

with

crystal

Kothny<14>, found

that high concentrations of antimony, arsenic, bismuth
or cadmium interfere in the presence of iodide by giving
insoluble complexes that adsorbe mercury.
Methylene green forms an ion-association complex with
tetrabromomercurate(II).

But gold(IIl), tellurium(III),

antimony(V), lead(Il), and cadraium(ll) are reported to
interfere^13).
Brilliant green

forms an ion-association complex with

hexachloroantimonate(V), tetrachlorothallate(III), tetrachlorogallate (III) or tetrachloroindate(III) ions.
Fogg, Burgess, and Thorburn^6^, improved the procedure
for the determination, by using cerium(IV) to oxidise
antimony(III).

Thallium, but not gallium or indium, can

be determined precisely by an analogous procedure.
Ruiz-Perez, Ortuno, and Molina^7), found that 2-phenylbenzo [8,9] quinolizino [4,5,6,7-fedj phenanthridinylium perchlorate
with
gold,

forms

an

ion association complex

tetrachlorothallate(III).
mercury,

platinum,

and

They
iron

also

found

cause

that

serious

interference in this process.
Oshima and Nagasawa^1^

found that Rhodamine B

was

quenched by bismuth(III), thallium(III), palladium(II),
and

platinum(IV) in the presence of potassium

iodide.

Also, they determined mercury in aqueous solution using
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fluorometry by the quenching of Rhodamine B by mercury
in the presence of

iodide.

However, they found

bismuth(III), thallium(III), palladium(Il),

and

that

plati

num (IV) interfered by also quenching the fluorescence of
Rhodamine B.
R6G forms ion-association complex with Hg(II) in the
presence of iodide; however, by using absorption studies
it was found that Pd+2, Pt+4, and Cd+2 interfere because
they form similar coloured species to that

formed

mercury(13).

was

By using

emission studies

it

by

found

that Ag+, Bi3, Mn04~2, Sn+2, K2S203, H2As03~ interfere
with the determination(12).
In the

present

study

from bismuth, palladium,

we

would

expect

interferences

platinum(IV), cadmium(II), and

because of the similarities of our system with
the ones mentioned above.

It was also found that K2S-,Q3

interferes with the determination of both thallium and
mercury.

129

CONCLUSIONS

For the system T1(I) and R6G in aqueous solution it
was

not

possible to determine

association

complexes.

the

formation

Neither

was

of

possible

ionto

determine the formation of ion-association complexes for
the system Tl(IIi), and aqueous R6G in the range
0.00 to 2.00 X 10~5m.

from

However, when the concentration

of thallium(IIi) was

more than 2.00 X 10~5m, Tl(IIX)

forms an ion-association complex with R6G.
For the system T1(I), I" and R6G in aqueous solution
it was not possible to determine the formation of ionassociation complexes under the experimental conditions
of this work.
Tl(iu), i

On the other

hand,

for the system

and R6G in water there was formation of an

ion-association complex.

Complex formation is very

sensitive to temperature therefore all TI(III) studies
were done at a constant temperature of 22.0*C.
By forming an ion-association complex, the amount of
thallium(III)

can

be

determined

in

aqueous

solutions

ranging from 1.20 X 10~5m to 4.00 X 10~6m by emission
studies.
extends

By absorption studies the range of detection
from

3.00

X

10~5m

to

7.00

X

10~5m.

Furthermore, it was demonstrated that thallium(III) in
the range 4.00 X 10~6m to 9.00 X 10"6m can be determined
in

the

presence

of

similar

concentrations

of

thallium(I).
Given that it takes about five minutes for complete
formation of the thallium(Iii) ion-association complex,
determination of this metal by fluorescence

emission
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must take in

consideration the time lapsed after mixing

the solutions.
It was not possible to determine the composition of
the ion-association complex

because thallium(III) forms

an ion-association complex with R6G in the absence of iodide ion at concentrations of thallium(III) higher than
2.00 X 10~5m.
We suggest further studies aimed to determine the ef
fect of temperature on the ion-association complex and
characterize thermodynamically the system.
For the system Hg(ll), and R6G in aqueous solution it
was not possible to determine the formation of ion-asso
ciation complexes.

However, for the system Hg(II), i—

and R6G in water, there was
tion complexes.

formation of ion-associa

It was also noticed that temperature

and time had less effect as compared to the effect on
ion-association complexes formed with thallium.
By forming ion-association complex, mercury(II) can be
determined in aqueous solutions in the range from 1.30 X
10

5m

to

3.00 X 10~6m by emission studies.

As a natural extension of this work we suggest further
studies to be done on the

interferences by different

cations and on the improvement this procedure so that
the range of detection can be increased.
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APPENDIX I
THE EFFECT OF TEMPERATURE ON THE EQUILIBRIA OF Co(II)
AND Ni(II)

COMPLEXES IN AQUEOUS SOLUTION
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&• INTRODUCTION
Transition-metals are metals that have partly filled d

A

or- f shells.

broader definition includes also those

elements which readily give rise to cations

with partly

filled d or f shells.

Host transition-metal

ions absorb electromagnetic

radiation in the ultraviolet or visible region of the
spectrum.

For the lanthanide and actinide series, the

absorption process results from electronic transitions
of 4f and 5f electrons while for the elements of the
first and second transition-metal series, the 3d and 4d
electrons

are

responsible

for

absorption.

The

transition-metal ions and their complexes tend to absorb
visible radiation in at least one, if not all of their
oxidation states.

In contrast to the lanthanide and

actinide elements, the absorption bands of the first and
second transition-metal series are often
strongly

broad

and

influenced by chemical environmental factors.

Metals of the transition series are characterized
having five

partially occupied

first series and
accommodating
these

orbitals

a

4d

in

the

d

orbitals (3d

second),

pair of electrons.
do

not

generally

each

The

by

in the

capable

of

electrons

in

participate

in

bond

formation; nevertheless, it is clear that the spectral
characteristics of transition metals involve

electronic

transitions among the various energy levels of these d
orbitals.
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Three theories, the valence bond theory, the molecular
orbital and

the crystal field theory, have been ad

vanced to rationalize the colors of transition-metal
ions and the profound influence of chemical environment
on these colors^"*).

When a transition metal ion is

placed in solution, a complex can result from the asso
ciation of the cation with other ions or molecules near
by.

Solutions of transition metals also possess vivid

colors that have attracted the attention of physicists
and chemists for many years.

It is known that the ab

sorption spectra for these solutions depend on the kind
of solvent used or, in the same solvent, depend on the
kind of co-solute participating

in bonding.

The mole

cules or ions which bond to the cation are called ligands.

The number of ligands, given by the coordination

number Z, and the geometry

determine the electronic

properties of the resulting complex.

In the present

work we are mainly concerned with complexes of cubic
symmetry, e.g. the equilibrium between the octahedral
and the tetrahedral forms of cobalt(II)
complexes.

and nickel(II)

Dilute aqueous solutions of cobalt salts are

pink (octahedral coordination [Co(H20)6]+2) while solu
tions of this ion in organic solvents or in the presence
of excess chloride ion are blue.

This blue color has

been shown to correspond to a tetrahedral form*4).

por

the first transition metal series the ligand field sta
bilization

energies of

tetrahedral complexes

reach

a

maximum for the electronic configuration d7 as found in

145

CO(II).
X S C1

Many such complexes exist, e.g. [CoX4]"2 where
< Br , SCN , etc.

The electron configuration of

Co(II) ion in its ground state and in an octahedral weak
field is t2g5 eg2,

while Ni(II) is t2g6 eg2.

The free

energy or difference in stability between octahedral and
tetrahedral coordination is small and there are several
cases in which the two types of coordination occur with
the same ligand.

The absorption spectra of transition

metal ions has been successfully interpreted by crystal
field theory, in agreement with experimental work on the
energy separation between absorption bands.
Solution equilibria involving tetrahedrally coordi
nated complex halide species of the first-row transition
series have been studied by many workers^ >15,17,18,21)
The stability of the octahedral complexes in relation
to the tetrahedral complexes of a metal ion with given
ligands may be characterized by the magnitude of the
equilibrium constant of a configuration change reaction
taking place in solution.

These

equilibria are usually

of the type

M Xn

L4-n + 2 L

<

> M XnL6_n

X being an anion and L a neutral ligand.

(1)

In polar sol

vents the octahedral and the tetrahedral equilibria
establish themselves in addition to the more common equi
libria involving complexes of the same coordination num
ber.

The equilibrium constant of the above configura146

txon change reaction depends on the nature of the metal
ion as well as on that of the ligands and also on envi
ronmental parameters such as pressure and temperature.
Even small changes in M, X , L, or n usually result in
significant changes in the magnitude of the equilibrium
constant, thus completely shifting the equilibrium to
ward one or the other of the configurations involved.
The net result of this is that a systematic study of the
factors affecting the position of a configurational
equilibrium is very difficult.
ists a type of
ly

easily

ions.

Fortunately, there ex

equilibria that may be studied relative

for a

broad

variety

of

ligands,

and

metal

It is given in Equation 2

M X2 L2 +

2 L <

>

M X2 L4

(2)

Equilibria of this type may easily be shifted in either
direction by changing the concentration of the neutral
ligand

in

an

inert-solvent,

or

changing

temperature,

pressure(18V.
The main objective of this work is to study the effect
of temperature on the equilibria

4C1~ + [M. 6H20]+2q <

>

[MC14]~2t + 6 H20

(3)

(where M stands for Co(II) or Ni(II), 0 stands for octa
hedral and T for tetrahedral) and to calculate

AH", AG*

and AS* from the equilibrium constant.
147

£» EXPERIMENTAL,.

Cobalt

chloride was from Baker (reagent grade), lith

ium chloride was from Aldrich (reagent grade),and nickel
chloride was from MC/B (reagent grade).
pounds were used without

All these com

further purification.

The wa

ter used throughout this work was deionized and glassdistilled in a Corning model MP 1 distillator.
Stock solutions were prepared gravimetrically. The
concentrations of the stock solutions are in the molal
ity

scale (mole

of

solute

per

kilogram

of

solvent).

Deionized glass-distilled water was used as solvent for
the preparation of the stock solutions,
All the

temperature measurements were done with

a

Bailey Bat 12 digital telethermometer.
the

spectra were plotted using a HP 7470A

graph

ics plotter which was driven by a Perkin Elmer, Model
7500 computer.
All

of

the

absorption spectra were recorded

with a

Perkin-Elmer Lambda Array 3840 UV/VIS spectrometer and a
Perkin-Elmer 7500

professional computer using the PECUV

program with wavelength accuracy ± 0.2 nm.

One centi

meter quartz cuvettes were used.
Typically, for the preparation of the solutions,
aliquot of CoCl2 or NiCl2

an

was added to a 10 ml flask.

Then deionized glass distilled water or aqueous LiCl was
added to make it up to 10 ml.

The flask was shaken

for

148

one minute and the absorption spectra was taken immedi
ately.
The temperature

of

the solutions

was controlled

by

running water through the cuvette holder with a Techne,
Tempette TE—8D, immersion circulator.
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£• Results
1) C.0CI2 studies
The visible spectrum of a .255 m solution of cobaltous
chloride in water at room temperature is shown in Figure
1.

The spectrum

shows a weak peak near = 512 nm, which

accounts for the pink color of the solution and attribu
table to the octahedral [Co(H20)6]+2 ion.
The

absorbance

measured

at

of

room

cobaltous

chloride

temperature

in

the

in

water

was

concentration

range from .0339 m to .306 m in order to determine if
the solutions behave according to the Lambert-Beer law.
Figure 2

shows that

there

is

a

linear

relationship

between the concentration and the absorbance.

Lambert-

Beer's law was obeyed over the range that was used.
molal

extinction coefficient was

calculated from the slope.

The

4.74 Kg/(mole cm)

as

The results are tabulated in

Table I.
The effect of temperature on the absorption spectra of
.255

m

cally.

C0CI2

in

water was studied

spectrophotometri-

The absorption spectra of aqueous CoCl2 at the

temperatures 25.1'C, 50.1*C, 70.0*C are shown in
ure 3.
band and

The visible spectrum at 70.0"C
a small shift

Fig

shows a wider

to longer wavelength reaching

about 3 nm relative to 25.1'C.

Also, a small increase

in intensity of the peak and the shoulder are observed.
The effect of adding aqueous LiCl to CoCl2 solutions
at various temperatures was also studied.
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Figure 1
Absorption

spectrum

of .255 m

CoCl2

in

water

at

25.1°C.
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Figure 2
The absorbance of cobaltous chloride in water at =
512 run versus the concentration in the range from .0339
m

to .306 m at room temperature.

153

ThG

absorbance at ~ 512 nir. of aqueous co-

baltous chloride in water as a function of
the

concentration.

CoCl2/(mole/Kg)

a « 512

.0339

.150

.0499

.275

.0714

.300

.0905

.420

.129

.650

.191

.880

.198

.950

.243

1-20

.285

1-41

.306

1-50
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Ficrure 3

Absorption spectra of .255 m CoCl2 in water at vari
ous temperatures,
a: 70.1®C, b: 50.1'C, c: 25.1'C.
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Figure 4 shows the absorption spectra of .150 m CoCl2
in

5.27 m

aqueous

LiCl

at

the temperatures

25.1*c,

50.0'C, 65.0 * C.
Figure 5 shows

the absorption spectra of .147 m CoCl2

in 4.77 m aqueous LiCl at the temperatures 25.l*c,
47.1'C, 70.0'C.
At room temperature there were peaks at about 512 ran,
625 run, 664 nm, and 688 run.

The peaks at 625 nm, 664

run, and 688 nm, for the .150 m CoCl2 in 5.27 m
LiCl were well-resolved at room temperature.

aqueous

The absorp

tion in the red, responsible for the blue color, is much
stronger than the blue absorption of the
ion.
545
from

The

XCo(ft20)6)+2

center of the band is of » 600 nm with

Kg/(mole cm).

IM ciX

=

The color of the solutions changed

red to blue as the temperature increased

intensity

of the peaks

increased

with temperature.

and

the

at = 625 nm, 664 nm, and 688 nm
In addition there was also

a small increase in intensity of the peak centered at
« 512 nm.
2) NiCl2 studies
Aqueous

0.260 m NiCl2 in water exhibits an absorption

spectrum with a relatively sharp peak centered at
394 nm and a lower broad
about 660 and 721 nm.

about

absorption band with maxima at

This is shown in Figure 6.

The absorbance of nickel chloride in water at «= 394 nm
versus the concentration in the range from .0558 m to
.334 m is

shown in Figure 7.

There was a linear rela-

158

Figure A
Absorption spectra of .150 m CoCl2 in 5.27 m

aqueous

LiCl at various temperatures corrected for the thermal
expansion of the solutions,
a: 65.1'C, b: 45.i°c, c: 25.1"C.
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Figure £
Absorption

spectra of .147 m CoCl2 in 4.77 m aqueous

LiCl at various temperatures, corrected for the thermal
expansion of the solutions,
a: 70.1-C, b: 47.1°C, c: 25.1'C.
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Flcrure 6

Absorption spectrum of aqueous .260 m NiCl2
in water at 25.1*C.
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n
i

Figure 7
The absorbance of nickel chloride in water at = 394
nm versus the concentration in the range from .0558 m to
.334 m at room temperature.
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*

o

tionship between the concentration and the absorbance.
•As the concentration of NiCl2 increased, the absorbance
increased too.

Therefore, the Lambert- Beer's law was

obeyed over the concentration range under study.
molal extinction coefficient
calculated from the slope.

The

was 5.03 Kg/(mole cm) as
The results are shown

in

Table II.
The effect of temperature on the absorption spectrum
of .260 m NiCl2 in water was studied spectrophotometrically.

The absorption spectra of aqueous NiCl2 at the

temperatures 25.1'C, 50.1*C, 70.0*C are shown in Figure
8.

A small shift to longer wavelength reaching about 3

Jim

at 70.0*C relative

394 nm, is
small

observed.

increase

in

the

to 25*C for the band centered at
This shift is
intensity

of

accompanied by a
the

peaks.

The

effect of adding aqueous LiCl, to NiCl2 solutions as a
function of temperature, was also studied.
The absorption spectra of .145 m NiCl2 in agueous 11.7
m LiCl

at

the temperatures 25.1'C, 40.0*C, 65.0'C

shown in Figure 9.
about 414

nm

and

are

At 25.1"C there was sharp peak at
a

lower

broad

absorption

maxima at about 704 nm and 758 nm.

band

with

In addition there

was a shift to longer wavelength of the

bands

which

where centered at about 418 nm, 709 nm, and 771 nm at
65.0*C.

This shift was

accompanied by an increase in

intensity of all the bands.
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r

TAPbE

The

absorbance

nickel chloride

at

«

394 nm
nm

nf
of
aqueous

in water as a function of

the concentration.

Nicl2/(mole/Kg)

a « 394

•0558

.2860

.0874

.4461

.136

.6932

.165

.8243

.197

.9959

.260

1.285

265

1.307

334

1.620
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Figure 8
Absorption spectra of .260 m NiCl2 in water at vari
ous temperatures,
a: 70.1'C, b: 50.1 *C, c: 25.1'C.
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Figure
Absorption

spectra of .145 m NiCl2 in 11.7 HI

aque

ous LiCl at various temperatures corrected for the ther
mal expansion of the solutions,
a: 65.1'C, b: 40.0'C, c: 25.0'C.
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D. DISCUSSION
Cobalt(II) ion has a

4F

ground state

and

4P

excited

state. Under the effect of an octahedral field the
ground

state

is

split

into

three

levels

4T^

g(F),

' ^2g(^ (^n order of increasing energy), while
the excited state remain triply degenerate,4Tlg(P).
The visible spectrum of CoCl2 is shown in Figure 1.
There is a broad band with a maximum at approximately
512

nm

which

Tlg(*i

is

^Tlg(F).

>

due

to

the

transition

The band is weak because it is a

laporte forbidden transition, (octahedral
have

a

center

forbidden).

of

The

symmetry

so

d—d

complexes

transition

molal extinction coefficient

are

of the

absorption band of octahe—dral complexes of the first
transition series in general lies between 1 and 10
Kg/(mole cm).

The molal extinction coefficient has

been reported as

= 5 Kg/(mole cm) for [Co(H20)6]+2 (4)

in very good agreement with our experimental value of
4.74 Kg/(mole cm).
Tlg(F) to

4T

2g(F)

The second transition is from
and

being

in the

near

region, (« 1250 nm) it was not observed.
transition,

4T

transition

LG(F)

not

2G(F),

is a

observed

very

weak

agueous

Increasing the temperature of [Co(H20)6]+2

agueous

^'^"4'

usually

4A

The third

in

solution

and

>

infrared

J.

solutions shifts the band to higher wavelength (lower
energy),

and

increases the intensity of the band.

The
173

differential spectrum between 70.0'C and 25.0'C is shown
in Figure 10.
The difference between these two spectra indicates the
growth of a new absorption near « 550

nm.

Since the

tetrahedral complex is expected to have a smaller crys
tal field splitting than the octahedral complex, and
therefore absorb of longer wavelengths, the new absorp
tion may be due to the formation of tetrahedral species.
If the tetrahedral

aqua complex has similar spectral

characteristics to the known tetrahedral

halide com

plexes, it posses an extinction coefficient about 100
times higher than that of the octahedral species.

Hence

a small concentration can have a noticeable effect on
the spectrum, and the 550 nm absorption is most likely
due to [Co(H20)4]+2.

it is less likely that the differ

ence band arises from a strong temperature dependence of
the

4A

band of the octahedral com

Under the effect of

a tetrahedral field, the ground

4T2g(F)

>

2g(F)

plex.

state of Co(II) ion is split
4TI(F),

into

4A

2(F),

4T

2(F),

(in order of increasing energy), while the

excited state

remain triply degenerate ^-^P).

At room temperature, CoCl2 in aqueous LiCl, exhibits a
low-intensity absorption band

at 512

nm, which

is

characteristic of octahedral cobalt(II) complexes, and a
broad higher intensity band
« 662 nm, and = 688 nm.
is due to the

4A

2(F)

with peaks at

= 625 nm,

This broad multicomponent band
>

4T

X(P)

transition.

The split174

Ficrure 10
The differential spectrum of .255 m

CoCl2 in water

between 70.0*C and 25.0°C.

175

aouoqjosqv

ting

in the band is due to spin-orbital

transition from

4A

2(F)

>

4T

2(F)

coupling.

was

not observed

because it is in the 1000-2000 nm region.
4A

2(F)

>

because

4T

1(F)

it

transition

occurred

(3,4,5,9,13,22,24)

in

Also, the

was not observed either

the

near-infrared

4^^

The

The

>

region

4T

1(P)

band

is

characteristic of tetrahedral cobalt(II.) chlorides com
plexes.
turns
in

On increasing the temperature,

blue.

the

solution

This color change results from an increase

the intensity of the

620 - 700 nm band.

the shape and position of this band were

Given that

unchanged

we

can assume that only one tetrahedral cobalt(II) complex
present in solution and the observed

changes in inten

sity reflect changes in concentration of this species.
The

intensity

of

tetrahedral

transitions

is

higher

than the octahedral ones because tetrahedral transitions
are not

laporte

forbidden

transitions.

extinction coefficient is about 600

The

Kg/(cm

molal

mole) for

[CoCl4)~2 at « 662 nm (19*22).
The absorption spectrum of NiCl2 in water is shown in
Figure 6.
the the

There is sharp peak at about 397 nm due to
3A

2g

>

tinction coefficient

3T^(P)

of this

Kg/(mole cm) in very good
has reported

a

transition.
absorption

The

molal

band

is

ex
5.03

agreement with Orgel^9^ who

value of 6

Kg/(mole cm).

A

broader

absorption band with maxima at about 660 nm and 721 nm
has

been

usually

transition.

assigned

to

the

A

2

g

>

3

T (F)
1

g

The splitting of this band is due to spin177

orbit coupling.

These bands

are characteristic fea

tures of the spectra of [Ni(H20)6]+2 in water(12'19).
An increase of the temperature of [Ni(H20)6]+2 solu
tions in water causes a shift of the = 397 nxn band to
higher wavelength (lower energy)# and an increase of the
intensity of this band.

The differential spectrum of

NiCl2 in water between the 70.0'C and 25.0'C is shown in
Figure 11.

There is a peak at = 418 nm and another

broad peak at ~ 768 nm.
The addition of aqueous LiCl to NiCl2 solution at room
temperature causes a shift of the bands to longer wave
lengths.

There is a sharp peak at about 414 nm and a

lower broader absorption band with broad maxima at about
704 nm and 758 nm.

This shift is probably due to the

replacement of H20 ligands with
characteristic
temperature

of

octahedral

increased,

the

Cl~ so this spectrum is

NiCl2.4H20^*^ -

shift

continued

about 418 nm, 709 nm, and 771 nm at 65.0*C.

the
reaching

In addition

there was a small increase in intensity(6'7'8'*9) which
may be due to the formation of octahedral NiCl4.2H20.
From the above results it is clear that at
temperatures, in the presence
Lici, the

equilibrium

the nickel ion
These
analysis

results

the

in

Equation

3

favors

for the cobalt ion but not for

.
are

consistent

using the crystal

calculating

of high concentrations of

mentioned

the tetrahedral species

high

difference

with

a

qualitative

field theory which, by
between

ligand

field
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Ficrure 11

The differential spectrum of .260 m

NiCl2 in water

between 70.0'C and 25.0'C.
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stabilization energy for octahedral and tetrahedral
species

gives the octahedral site preference energies.

In the case of the Co(II) ion which has a d7 elec
tronic configuration, the splitting of the degeneracy of
the five d orbitals by the octahedral ligand field
(lODq) is 120 KJ/mole.

The stabilization energy for the

octahedral is 71.5 KJ/mole, while for the tetrahedral is
62.7 KJ/mole.

Therefore, the octahedral site prefer

ence energy is only

8.80 KJ/mole.

The Ni(II) ion has a d8, electronic configuration and
the splitting of the degeneracy of the five d orbitals
by an octahedral ligand field is 103 KJ/mole.

The sta

bilization energy for the octahedral complex is 122.4
KJ/mole,
Thus

while

for the

the octahedral

tetrahedral

site

is

preference

27.4

KJ/mole.

energy

is 95.4

KJ/mole which explains why the tetrahedral Co(II) com
plexes

are relatively stable while those of Ni(II) are

not(*°).
The AH* for the reaction in Equation

[CO(H20)6)+2 + 4C1~ <

4 can be calculat-

> [CoCl4]~2 + 6H20

(4)

ed, given that the molal extinction coefficient for the
tetrahedral complex is much greater than the molal ex
tinction coefficient for the octahedral complex, by
assuming that the absorbance at 662 nm is proportional
to the equilibrium constant(20,21) ^
that. In A 662

«=

In K and from

din K / d(1/T)

=

- AH/ R

Then, it follows

Equation 5
(5)
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AH* can

be determined by plotting In A 662 versus l/T.

Figure 12 shows a plot of the logarithm of the corrected
absorbance<25> at » 662 nm for .150 m CoCl2 in

aqueous

5.27 m LiCl versus the reciprocal absolute temperature.
Numerical values are given in

Table III.

The plot

gives a straight line and from the slope, a AH* of 13.l
Kcal/mole can be calculated.

Figure 13 shows a plot of

the logarithm of the corrected absorbance
for .147 m CoCl2 in

aqueous 4.77 m

reciprocal absolute temperature.
Table IV.

at = 662 nm

LiCl versus the

The data is given in

From the slope of the straight line a

14.6 Kcal/mole was calculated.
agreement with those found

A* of

Our results are in

by Scaife^2^) who reported

11.7 Kcal/mole, Rodriguez(20) who found 10.0 Kcal/mole,
and Kojima

who determined a

AH* of 13.75 Kcal/mole for

a similar system.
AG* can be calculated from

AG*

Equation 6

= -R T InK

(6)

AG* for .150 m CoCl2 in 5.27 m aqueous LiCl gives a val
ue of 1.10 Kcal/mole, while for .147 m CoCl2 An 4.77 m
aqueous LiCl the value is 1.66 Kcal/mole.

Finally,

AS*

can be calculated from Equation 7
AS* = (AH* - AG *)/T
AS*

for .150 m CoCl2 in 5.27 m

(7)

aqueous LiCl is deter

mined to be .0402 Kcal/(K mole), while for .147 m CoCl2
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Figure 12
Logarithm of the corrected absorbance of .150 m CoCl2
in 5.27 m

aqueous LiCl versus the reciprocal absolute

temperature.

A = 662 denotes the absorbance at = 662 nm

corrected by the approximate thermal expansion coeffi
cient of LiCl solutions.
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in

4.77

(K mole).
given

in

m

aqueous

LiCl

the

value

is .0434

Kcal/

The AH*, AG* and AS* values for the reaction
Equation 4

indicate that

the

reaction

is

nonspontaneous at low temperature, becoming spontaneous
at higher temperatures.
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TABLE III.

Logarithm of the corrected absorbance
.150 m CoCl2 in 5.27 m aqueous
sus

LiCl

for
ver

the reciprocal absolute temperature.

A = 662 nm denotes the absorbance at = 662
ran corrected by the

approximate

thermal

expansion coefficient of LiCl solutions.

1/T X 10-

ln A = 662

3.351

-1.866

3.300

-1.568

3.247

-1.233

3.195

-.9046

3.145

-.5759

3.096

-.2405

3.049

.08370

3.003

.4139

2.959

.7234

2.915

.9497
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\

Figure 13
Logarithm of the corrected absorbance of .147 m CoCl2
in 4.77 m aqueous LiCl versus the reciprocal absolute
temperature.

A « 662 denotes the absorbance at = 662 nm

corrected by the approximate thermal expansion coeffi
cient of Lici solutions.
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£

s

TAffLff IV-

Logarithm of the corrected absorbance
.147 m C0CI2 in 4.77 m aqueous LiCl
sus the reciprocal absolute
A

«

662 nm denotes

for

vser-

temperature.

the absorbance at

«

662 nm corrected by the approximate

ther

mal

solu

expansion coefficient of

LiCl

tions.

1/T X 103

In A «662

3.354

-2.803

3.299

-2.414

3.246

-2.029

3.195

-1,668

3.124
3.096
3.049
3.003
2.959
2.915

-1.159
9582
-.6026

2336
1031
4153
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